Controlling single-particle wave functions in single semiconductor quantum dots is in demand to implement solid-state quantum information processing and spintronics. Normally, particle wave functions can be tuned transversely by an perpendicular magnetic field. We report a longitudinal wave function control in single quantum dots with a magnetic field. 
Semiconductor quantum dots have been investigated intensively for potential applications in solid-state quantum information processing and spintronics, such as single-photon sources [1] [2] [3] [4] [5] [6] [7] [8] , excitonic qubits 9 , spin qubits [10] [11] [12] [13] [14] [15] , and spin-photon entanglement interfaces [16] [17] [18] . Controlling single-particle wave functions is a key step to understand quantum physics and to achieve the applications with single semiconductor quantum dots. To manipulate the wave functions in a single quantum dot, an external magnetic field or an electric field is normally applied. For applying a magnetic field, the particle wave functions can be tuned transversely in the presence of cyclotron energy 19 . With a transverse magnetic field, the carrier wave functions of different orbitals in single quantum dots have been mapped using tunneling spectroscopy technique [20] [21] [22] [23] [24] [25] . Here, we report a longitudinal wave function control with a magnetic field in single quantum dots for the first time. With applying magnetic field along the base-apex direction of quantum dots, the hole wave function shrinks in the base plane due to cyclotron motion. Because of linear changing of the confinement for hole wave function from the base to the apex in quantum dots, the center of effective mass of hole wave functions moves up along that direction during shrinking process. The center of effective mass of electron wave functions does not shift longitudinally much because of the uniform confining potential for electrons. Manipulating the wave function longitudinally not only provides an alternative way to control the charge distribution with magnetic field but also a new method to tune the electron-hole interaction in single quantum dots.
Due to chemical composition variation and pyramidal shape of self-assemble quantum dots, electron-hole pairs generated optically or electrically have a permanent dipole moment along the growth direction because the wave function distribution of electrons is different from that of holes 26 . For pure InAs quantum dots with a pyramidal or truncated pyramidal shape, the permanent dipole moment is in the direction from base to apex due to linear increase of the confining potential of the valence band for heavy holes 27 , which provides a good candidate to control the charge wave function longitudinally. The permanent dipole can be examined by measuring the excitonic transition energy change as a function of external electric field across the quantum dots,
i.e., the quantum-confined Stark effect [28] [29] [30] [31] [32] [33] . An electric field (F ) is applied, the ground state transition energy varies quadratically as E(F ) = E 0 + pF + βF 2 , where E 0 is the transition energy with zero-field, p is the permanent dipole moment and β is the polarizability of electron-hole wave functions. The asymmetric Stark shift gives the built-in dipole moment, which reveals the spatial distribution of electron-hole wave functions in a single quantum dot. Instead of pure InAs quantum dots, an inverted electron-hole alignment has been observed experimentally in a few special cases with Ga diffusing 34 . However, no permanent dipole reverting has been reported in same single quantum dots. Here, the hole wave function can be tuned from bottom to the top of that of electrons with increasing magnetic field because of the different confining potentials, resulting in an inverted electron-hole alignment longitudinally.
Results
Charging state control. Figure 1 V is sketched in Figure 1 (b). With non-resonant optical pumping, the generated electrons tunnel out more easily with a negative bias voltage. It can be seen that electron tunneling results in the quantum dot to be more positively charged. In contrast, the negatively charged exciton emission dominates the spectrum with bias voltages at 0 V and 0.5 V. Due to the Coulomb interaction, the charging energies for X − and X + are 7 meV and 4 meV respectively. However, the energy separation between X − and X 2− is only about 300 µeV, which is due to the fact that third electron in X 2− occupies p orbital and has a weaker Coulomb interaction. The details of the assignment for charging states are discussed before 35 .
To investigate the permanent dipole of single quantum dots in an n-i-Schottky diode, the direction of built-in electric field is denoted as positive in this work. A negative bias applied to the Schottky contact increases total electric field across the quantum dots, while positive bias voltage decreases total electric field as sketched in Figure 1 (c). The bias voltage required to achieve zero total electric field across the quantum dots in the Schottky diode is calculated using onedimensional Poisson-Schrödiner solver, and verified by the bias voltage at which the photocurrent signal changed sign for non-resonant laser excitation 30 . A positive bias voltage of 0.75 V is required to achieve zero total electric field in this structure.
Quantum Confined Stark Effects. Figure 2 (a) shows the PL spectra of X − and X 2− as a function of bias voltage at different magnetic fields applied along the growth direction, from base to apex of quantum dots. This direction is denoted as z direction in this work. It can be seen that both X − and X 2− peaks split in the presence of the magnetic field due to Zeeman effect, and the average energy of the splitted peaks shifts to high energy under the diamagnetic effect. The relative intensity of X − increases with increasing magnetic field because the probability for the in-plane (xy plane) electrons being captured by quantum dot is reduced by the applied magnetic field in z direction as discussed before 35 .
For each magnetic field, the peak energy of charged excitons shifts as a function of external bias by the quantum-confined Stark effect in quantum dots 30, 32, 36 . A striking feature is that the peak shifts to the high energy side at zero magnetic field, but the splitted peaks shift to the low energy side at high magnetic fields, for example, at 9 T. Similar features have been observed in other quantum dots from the same wafer as shown in Supplementary Figure S2 as another example. Owing to the built-in dipole in quantum dots, an asymmetric Stark shift in the presence of an applied electric field should be observed 28 . The observed asymmetric Stark shift gives the sign of built-in dipole moment, which indicates the spatial distribution of electron-hole wave functions in a single quantum dot. The sign of built-in dipole has been investigated over ten years both experimentally 34 and theoretically 28, 37 With an eight-band k·p method, the calculated confining potential for heavy holes increases linearly from base to apex for pure InAs quantum dots in truncated shape, which deduces that the hole wave functions are located towards the base 26 . For electrons, however, the potential is more uniform, resulting in electron wave function occupying the center of the quantum dot. This gives a positive dipole moment, as observed in the quantum dot without a magnetic field. When a magnetic field is applied in z direction, it provides an extra confinement for both electrons and heavy holes in xy plane by cyclotron energy in quantum dots 39, 40 . The confinement by magnetic field can be given by the magnetic length l B = h/eB, whereh is the plank constant, e is the element charge, and B is the applied magnetic field. For single quantum dots, the wave functions have been mapped with a diameter in xy plane over 10 nm 28, 41, 42 . This scale is comparable to the magnetic length 12.83 nm for single particle at 4 T, which explains that the permanent dipole begins to change from 4 T. Due to relatively uniform confinement of electrons, the center-of-mass of the electron wave functions does not change much in z direction with magnetic field. At the base, the magnetic field shrinks the hole wave function in the plane. On account of the confining potential change, the shrinkage pushes the hole wave function center towards the apex of the quantum dot, resulting in an inverted electron-hole alignment. The wave functions at different magnetic fields applied along the base-apex direction are sketched in the inset in Figure 3 (a).
Discussion
Next we discuss why this phenomenon can be observed here. One reason is that the permanent dipole is small, which makes the dipole inverting easily to observe with magnetic field in z direction. The small permanent dipole moment could be due to the flat shape of quantum dots, as shown in the inset in the bottom panel of Figure 1 (a). To address single quantum dots with relatively large metal apertures, we need a low dot density (<1 dot/µm 2 ) wafer. A technique of non-rotating substrate during the quantum dot growth was used to achieve a graded quantum dot density on a two-inch wafer. In the low density region grown by this method 43, 44 , the typical sizes of quantum dots are about 25-50 nm in diameter of the base, 2-5 nm in height, which are similar to our quantum dots (as shown in the inset in Figure 1(a) ). This size means that the quantum dots in low dot density region are relatively flat in shape, which gives a small permanent dipole in z 8 direction. The permanent dipole (p/e) around 0.018 nm without magnetic field in our sample is one order of magnitude less than the thick quantum dots 34 . The polarizability is also very sensitive to the height of the quantum dots, the higher quantum dot the larger polarizability 28 . Here the polarizability (β/e) with a value around or even less than 1 nm 2 /V is much smaller than other results reported (as shown in Figure 3(b) ), which further confirms that the height of the quantum dots is small.
The charging states (X − and X 2− ) instead of neutral states (X 0 ) investigated in this work have smaller permanent dipole moments as well 30, 38 . The centers of effective mass of electrons and holes move closer with additional electrons added to the dots for X − and X 2− 30 , which is similar to positively charged exciton states (X + ) as reported in Ref. 38 . The neutral excitons (X 0 ) are out of this voltage range with the excitation power, thereby the Stark effect of X 0 is not discussed in this work 35 .
In summary, we have demonstrated that the charge wave functions can be controlled longitudinally with applying a magnetic field in z direction to a pyramidal quantum dots. This is confirmed by tuning and inverting the permanent dipole of the negatively charged excitons in the quantum dots using a bias-controlled photoluminescent spectroscopy. The magnetic field induced confinement pushes the hole wave function towards the apex of quantum dot, resulting center of hole wave function moving to the top of electrons at high magnetic fields. In addition to manipulating the wave function transversely with magnetic field, the longitudinal wave function control provides an alternative way to manipulate the charge distribution. Further more, precisely tuning the electron-hole alignment could also be very useful to control the electron-hole interaction for solid-state quantum information processing, such as, entanglement generation 45 .
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